STEM CELLS AND DEVELOPMENT
Volume 18, Number 5, 2009

© Mary Ann Liebert, Inc.

DOI: 10.1089/scd.2008.0237

Marrow Cell Infusion Attenuates Vascular Remodeling
in a Murine Model of Monocrotaline-Induced
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There have been reports of marrow cells converting into pulmonary epithelial cells after marrow transplantation
in irradiated mice. We evaluated the impact of whole bone marrow (WBM) infusion in mice, with or without total
body irradiation (TBI), treated with saline or monocrotaline (MCT), which induces pulmonary hypertension (PH).
C57BL/6 mice were injected with MCT or saline weekly for 4 weeks. Cohorts were then infused with saline ve-
hicle (vehicle) or WBM from C57BL/-Tg(UBC-GFP)30Scha/] mice, with or without previous TBI (WBM or WBM/
TBI). Four weeks later, right ventricular peak pressures (RVPP), right ventricular free wall-to-body weight ra-
tios (RV/BW), and pulmonary vessel wall thickness-to-blood vessel diameter ratios (PVWT/D) were determined.
WBM infusion and WBM following TBI induced increases in RVPP and RV/BW in saline-treated mice, while only
TBI-exposed mice showed additional increases in PVWT/D. MCT increased RVPP, RV/BW, and PVWT/D in mice
given vehicle or WBM alone, but not in mice given WBM/TBIL. RVPP and RV/BW were not significantly lower in
MCT mice given WBM/TBI than in MCT mice treated with vehicle, but MCT-treated mice given WBM or TBI/
WBM had significantly lower PVWT/D compared to MCT-treated mice given saline vehicle. No donor WBM-
derived pulmonary vascular cells were detected, suggesting that the observed effects of WBM infusion may be
due to paracrine effects separate from cell conversions. The observation of PH after marrow infusion suggests an
additional mechanism for lung toxicity seen in marrow transplantation. In conclusion, WBM alone appears to in-
crease RVPP and RV/BW in normal mice but the combination of WBM and TBI attenuates MCT-induced PH.

Introduction . . .
pulmonary arterial pressure, increase cardiac output, and

PULMONARY ARTERIAL HYPERTENSION Is a disease char-
acterized by uncontrolled proliferation of pulmonary
vascular endothelial cells and proliferation and hypertro-
phy of pulmonary vascular smooth muscle cells. Whether
these abnormal growth responses are stimulated by over-
expression of a variety of growth factors or occur from
loss of normal apoptotic mechanisms is unclear, but their
effect is to “remodel” the pulmonary circulation by decreas-
ing luminal diameter and increasing pulmonary vascular
resistance. The chronic elevation of right ventricular (RV)
afterload from pulmonary vascular remodeling causes RV
hypertrophy and eventually, RV failure. Although recently
developed medical therapies have been shown to reduce

improve patient functional status and survival, no cure has
been found for this devastating disease.

The possibility of using adult bone marrow-derived stem
cells as a form of cell-based therapy is a novel and intriguing
concept and has recently become an active area of investiga-
tion. Interest in this field is based on a growing number of
animal studies that have described the ability of adult bone
marrow-derived stem cells to differentiate into an expand-
ing repertoire of nonhematopoietic cells, including lung cells
[1-19]. However, in spite of all that has been published, the
mechanism that governs this phenomenon remains unclear.
Injury to the lung appears to be a critical variable. Previous
studies have used radiation [1-5]-, bleomycin [6-8]-, and

Division of Hematology and Oncology and *Division of Pulmonary, Sleep, and Critical Care Medicine, Rhode Island Hospital,
The Warren Alpert Medical School of Brown University, Providence, Rhode Island.

STufts Medical Center, Boston, Massachusetts.

“Roger Williams Medical Center, Centers of Biomedical Research Excellence (COBRE), Providence, Rhode Island.

773



774

elastase [9]-induced lung injury models to increase homing
of transplanted marrow cells to the lung. The reported rates
of marrow conversion to lung cells in these studies have var-
ied considerably and may reflect differences in the type of
transplanted marrow cells used, the mode of lung injury,
the strain of mouse, and the time from transplantation to
analysis.

While many studies have focused on identifying and
quantifying marrow cell conversion to lung cells, others have
looked at the effect of marrow cell infusion on remodeling of
the injured lung. Ortiz et al. [6] transplanted mesenchymal
stem cells (MSC) into bleomycin-injured mice and found
a significant reduction in lung inflammation and collagen
content compared with nontransplanted controls. Ishizawa
etal. [9] showed that elastase-injured, G-CSF-mobilized mice
transplanted with fetal liver cells had fewer emphysematous
changes compared with nontransplanted controls. In both
cases, attenuation of lung injury could not be explained by
conversion alone as a disproportionately low number of
marrow cell-derived lung cells were detected. Less is known
about the ability of transplanted marrow cells to improve
organ function after injury. Zhao et al. [20] demonstrated
that infusion of marrow-derived endothelial-like progen-
itor cells (ELPCs) prevented the development of pulmonary
hypertension (PH) and RV hypertrophy in monocrotaline
(MCT)-injured rats. Animals given ELPCs transduced with
human endothelial NO-synthase (eNOS) showed preser-
vation of pulmonary vasculature, partial reversal of PH and
improved survival compared to controls. Interestingly, the
low degree of engraftment of marrow cells in the distal arte-
riolar bed could not account for the degree of vascular repair
that was observed. Together, these data suggest that marrow
cell attenuation of lung injury depends more on altering the
microenvironment of the injured lung rather than mass pro-
duction of marrow-derived lung cells.

In the present study, we hypothesized that marrow cell
transplantation could attenuate MCT-induced pulmonary
vascular remodeling by replacing abnormally proliferating
vascular endothelial and smooth muscle cells with marrow-
converted lung cells. We examined the effect of marrow
cell transplantation, with or without prior exposure to a
myeloablative dose of radiation, on hemodynamic and histo-
logical changes in the pulmonary circulation of normal mice
and mice with MCT-induced PH. Myeloablative irradiation
was done in an attempt to increase bone marrow chimerism
and increase the number of transplanted cells that remain
viable. We found that marrow cell transplantation with or
without myeloablative irradiation increased pulmonary
vascular resistance in control mice. However, marrow cell
transplantation following myeloablative irradiation blunted
the progression of PH, RV hypertrophy, and pulmonary vas-
cular remodeling in mice given MCT. These changes occurred
without significant conversion of marrow cells to structural
lung cells, suggesting that marrow cell transplantation has
modulatory effects on vascular remodeling in the pulmo-
nary circulation that are independent of cell conversion.

Materials and Methods
Experimental animals

Six- to eight-week-old male C57BL/-Tg(UBC-GFP)30Scha/]
mice (UGFP; Jackson Laboratory, Bar Harbor, ME) were used
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for whole bone marrow (WBM) harvest and were bred in our
animal facility by mating homozygous uGFP+ mice. Cohorts
of 6- to 8-week-old female C57BL/6 mice (Jackson Laboratory)
were used for MCT injury or as control (saline) mice. Animals
were given ad libitum access to food and water. All studies
were approved by the Institutional Animal Care and Use
Committee of Roger Williams Medical Center.

Marrow cell harvest

Male uGFP+ mice were anesthetized with inhaled hal-
othane and sacrificed by cervical dislocation. WBM was
obtained by flushing the femurs, tibias, and pelvic bones
with sterile 1X phosphate buffered solution (PBS) supple-
mented with 5% heat-inactivated fetal calf serum (HICFS).
Cells were centrifuged at 350¢ for 10 min, 4°C and resus-
pended in fresh PBS/5% HIFCS.

Experimental design

Female C57BL/6 mice were used for all groups. Six
experimental groups of six mice each were studied as fol-
lows: Subcutaneous injections of saline once weekly for
4 weeks followed by (1) PBS vehicle infusion (saline/vehi-
cle), 2) 1 X 107 uGFP+ WBM cells (saline/WBM), (3) 1 X 107
uGFP+ WBM cells 1 h after exposure to 900 centigray (cGy)
total body irradiation (TBI) using a Gammacell 40 Exactor
Irradiator (MDS Nordion) at 110 cGy/min given as two equal
doses, 3 h apart (saline/TBI/WBM). The other three groups
were given 600 mg/kg of MCT (Sigma-Aldrich, St. Louis,
MO) in saline vehicle once weekly for 4 weeks followed by (4)
PBS vehicle infusion (MCT/vehicle), (5) 1 X 107 uGFP+ WBM
cells (MCT/WBM), or (6) 1 X 107 uGFP+ WBM cells 1 h after
exposure to 900 cGy TBI (MCT/TBI/WBM). Hemodynamic
measurements and lung harvest occurred 28 days after PBS,
WBM, or TBI + WBM treatment (Day 56, Fig. 1).

Hemodynamic measurements

Mice were anesthetized with ketamine and xylazine (100
and 10 mg/kg, respectively) and weighed. Tracheas were
cannulated with a blunted 20-gauge needle and lungs were
ventilated with room air using an inspiratory pressure of

10’ WBM (MCT/WBM)

MCT 900 cGy TBI + 10 WBM (MCT/TBIWBM) n = 6
PBS (MCT/vehicle) each arm
10’ WBM (saline/WBM)
Saline 900 cGy TBI + 10’ WBM (saline/TBI/WBM) n = 6
PBS (saline/vehicle) each arm
Fr f .
0 7 14 21 28 56 ays
MCT (600 mg/kg) or Saline
SC q week X 4 doses Analysis

FIG.1. Experimental design. Saline- and MCT-treated mice
receiving either no further treatment (saline/vehicle, MCT/
vehicle mice), marrow cell infusion (saline/WBM, MCT/
WBM mice), or total body irradiation followed by marrow cell
transplantation (saline/TBI/WBM, MCT/TBI/WBM mice).
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9 cm H,O and end-expiratory pressure of 2 cm H,O. The
right carotid artery was cannulated with a 25-gauge angio-
catheter connected to a Statham P23-G pressure transducer
with a short segment of polyurethane-50 (P-50) tubing.
Carotid arterial pressure was recorded continuously on a
polygraph. Carotid artery peak pressure (CAPP) was mea-
sured as the average peak pressure (PP) recorded over a 1- to
3-min period during which pressure recordings remained
stable. Right ventricular PP (RVPP) was measured as previ-
ously described [21,22]. Briefly, the anterior chest wall was
shaved and a 26-gauge needle attached to a Statham P23-G
pressure transducer by a short segment of P-50 tubing was
inserted directly into the right ventricle using a transtho-
racic approach. RVPP was recorded as described earlier for
CAPP measurements.

After completion of hemodynamic measurements, mice
were sacrificed by exsanguination and hearts and lungs
were removed en bloc. Cardiac atria were removed and
hearts were dissected into right and left ventricular free
walls and interventricular septa. Each section of the heart
was blotted dry on sterile gauze to remove excess blood and
weighed. Wet weight measurements were normalized to
body weight (mg/g) and expressed as the right ventricular
free wall weight-to-body weight (RV/BW) ratio.

Determination of peripheral blood chimerism of
transplanted mice

Peripheral blood was obtained from the tail veins of
mice 1 day prior to sacrifice and uGFP+ cells were quanti-
fied by Fluorescence Activated Cell Sorter (FACS) analysis.
Peripheral blood chimerism was determined by compar-
ing the percent of uGFP+ cells in samples to the percent of
uGFP+ cells in a positive control (peripheral blood from an
uGFP+ mouse) after background subtraction.

Lung histology

The pulmonary vasculature of recipient mice was flushed
with PBS and lungs were fixed by intratracheal infusion of
ice-cold PLP (balanced phosphate solution with 2% para-
formaldehyde, sodium m-periodate, and I-lysine) at a pres-
sure of 25 cm H,0. Lungs were transferred to a 7% sucrose
solution overnight and then placed into ethanol solutions
of increasing concentrations, mineral spirits, and paraffin
for embedding. Right and left lungs from each mouse were
embedded in separate blocks of paraffin. Hematoxylin and
eosin staining was performed on 5 um sections from the left
and right lungs, which were then used for histological anal-
ysis. The first 10 blood vessels (on end) from sections of the
right and left lung of each mouse, with diameters of 25-100
pm, were used for analysis. The pulmonary vessel wall
thickness (including adventitia, media, and intima)-to-blood
vessel wall diameter (PVWT/D) ratio was determined.

Immunohistochemical labeling

Five micrometer lung sections were deparaffinized and
labeled with biotinylated anti-CD45 antibody (Vector) alone
or with other antibodies, including anti-von Willebrand fac-
tor for endothelium (Dako, Carpinteria, CA), anti-vimentin
for fibroblasts (BD Pharmingen Inc., San Diego, CA), and
anti-actin a-smooth muscle-Cy3 for smooth muscle (Sigma-

775

Aldrich, St. Louis, MO). Anti-GFP antibody was not used as
the GFP signal was well preserved with fixation. We have
previously reported that the GFP signal from transplanted
GFP+ marrow cells seen in lung sections of irradiated mice
represents true GFP positivity and not artifact from auto-
fluorescence. The use of anti-GFP Alexafluor-488 does not
enhance this signal [1,23]. Isotype antibody labeling was
performed a control to confirm the appropriate labeling pat-
tern for all antibodies.

CD45/von Willebrand factor. Samples were permeabilized
with 0.1% Triton-X and blocked with the following solu-
tions: 20% horse serum, 0.3% hydrogen peroxide in 0.3%
horse serum, and avidin/biotin (Avidin/Biotin Blocking
Kit). Anti-CD45 (1:100) and anti-von Willebrand antibod-
ies (1:60) were applied to each sample and incubated for 2
h at 37°C. The CD45 signal was amplified by using the TSA
Biotin System (Perkin Elmer Life Sciences, Walton, MA) per
product protocol. The secondary antibodies AMCA Avidin
(CD45, 1:100) and AlexaFluor 594 F(ab’), fragment of goat
anti-rabbit IgG (von Willebrand, 1:400) were applied to each
sample and incubated at room temperature for 30 min.
Vectashield (Vector) was added to all samples.

CD45/actin o-smooth muscle-Cy3. Samples were permea-
bilized and blocked as described earlier. An additional
mouse-on-mouse block step (M.O.M. Kit, Vector) was per-
formed. Anti-CD45 (1:100) and anti-actin a-smooth muscle-
Cy3 (1:50) were applied to each sample and incubated for
1.5 h at 37°C. The CD45 signal was amplified by using the
TSA Biotin System as described earlier. The secondary an-
tibody AMCA Avidin (1:100) was applied to each sample
and incubated at room temperature for 30 min. Vectashield
(Vector) was added to all samples.

CD45/vimentin. Samples were incubated with Proteinase
K (Sigma-Aldrich, St. Louis, MO, 5 pg/mL) for 5 min at 37°C
and blocked as described earlier (including the mouse-on-
mouse blocking step). Anti-CD45 (1:100) and anti-vimentin
antibodies (1:5,000) were applied to each sample and incu-
bated for 1 h at room temperature. The CD45 signal was
amplified by using the TSA Biotin System as described ear-
lier. The secondary antibodies AMCA Avidin (1:100) and
AlexaFluor 594 F(ab’), fragment of goat anti-mouse IgG
(1:1,000) were applied to each sample and incubated at room
temperature for 30 min. Vectashield (Vector) was added to
all samples.

CD45 only. Samples were permeabilized and blocked
as described earlier. Anti-CD45 (1:100) was applied to each
sample and incubated for 1 h at room temperature. The
CD45 signal was amplified by using the TSA Biotin System
as described earlier. The secondary antibody AMCA Texas
Red (1:100) was applied to each sample and incubated at
room temperature for 30 min. Vectashield (Vector) with
0.4 pmol of the nuclear counterstain DAPI (4,6-diamidino-
2-phenyindole; Sigma-Aldrich, St. Louis, MO) was added to
all samples.

CD11b/Gr-1 and CD3/B220. Samples were digested with
Proteinase K for 3 min at 37°C then washed with PBS.
Samples were fixed with 10% buffered formalin for 2 min
then blocked with 20% horse serum. Anti-CD11b APC and
anti-Gr-1APC antibodies (BD Pharmingen) were added (1:25
dilution for each). Alternatively, anti-CD3 and anti-B220
antibodies (BD Pharmingen) were added (1:25 dilution for
each). Incubation with primary antibodies was for 1 h at
room temperature. Vectashield and DAPI were added to all
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samples. Cells that were both CD11b+ and Gr-1+ were de-
fined as myeloid cells, whereas cells that were both CD3+
and B220+ were defined as lymphoid cells.

Fluorescence microscopy

Samples were visualized using conventional and decon-
volution fluorescence microscopy (Zeiss Axioplan 2 micro-
scope, Carl Zeiss, Thornwood, NY) at room temperature.
Eight to ten random 63X high power fields from least two
sections over 100 um apart of each sample were counted.
Using deconvolution microscopy, selected sections were
photographed at 40X magnification with the AxioVision
software package (Carl Zeiss). Three-dimensional images
were created of sample cells from a 25-layer (0.4 pm/layer)
z-stack in order to demonstrate colocalization of fluorescent
signal. No photosubtraction or processing of artifact was
performed.

Statistics

Data were analyzed using the Student’s t-test as there
were six or fewer measurements within all parent groups.
We considered results to be statistically significant only
when P < 0.05 (two-sided). Data were reported as the mean
value of a group and the standard error of the mean, unless
otherwise specified.

Results

Effect of whole bone marrow infusion and total
body irradiation on pulmonary hemodynamics and
vascular remodeling in saline-treated mice

Mice in the saline/WBM and in the saline/TBI/WBM
groups had higher RVPP and RV/BW values compared with
saline/vehicle mice (Fig. 2A and 2B). Saline/TBI/WBM mice
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had significantly higher RVPP compared with saline/ WBM
mice (P = 0.005, this is not shown in the figure), and there was
a trend toward higher RV/BW ratio in the saline/TBI/WBM
than in the saline/WBM mice, but the difference was not sta-
tistically significant (P = 0.17, Fig. 2A and 2B). Pulmonary
vascular remodeling, as assessed by PVWT/D, was greater
in saline/TBI/ WBM mice than in saline/vehicle and saline/
WBM mice (P = 0.0005, 0.0002, respectively, Fig. 3A).

Effect of whole bone marrow infusion and total body
irradiation on mice with monocrotaline-induced
pulmonary hypertension

Mice treated with MCT followed by vehicle alone (MCT/
vehicle) developed PH as illustrated by elevations in RVPP
and RV/BW ratios compared with saline/vehicle control
mice (P = 0.0008, 0.003, respectively, Fig. 2A and 2B). MCT
treatment also caused pulmonary vascular remodeling
as evidenced by muscularization of peripheral, normally
nonmuscularized pulmonary vessels, hypertrophy of the
medial layer of blood vessels 25-100 pm in diameter, and
increased PWVT/D (Fig. 3A-3G). Treatment with WBM
infusion alone following MCT (MCT/WBM mice) did not
prevent the MCT-induced increases in RVPP or RV/BW
(Fig. 2A and 2B). However, treatment with TBI/WBM fol-
lowing MCT resulted in no change in RVPP and RV/BW
compared to saline mice treated with TBI/WBM, suggest-
ing that TBI followed by WBM infusion ameliorated MCT-
induced PH (Fig. 2A and 2B). There was a strong trend
toward lower RVPP in MCT/TBI/WBM than in MCT/vehi-
cle mice, but the difference did not reach statistical signif-
icance (P = 0.082). The lack of a difference in RV pressure
and mass between MCT/vehicle and MCT/TBI/WBM mice
may have been due to the pulmonary hypertensive effect of
WBM and TBI as demonstrated by their effects on saline-
treated mice.
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FIG. 2. Right ventricular peak pressure (RVPP) (A) and right ventricular free wall-to-body weight (RV/WB) ratios (B) of
saline- and MCT-treated mice, with or without marrow cell infusion or total body irradiation.
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FIG.3. Pulmonary vessel wall thickness-to-blood vessel diameter (PVWT/D) ratios and lung histology. PVWT/D ratios of
saline- and MCT-treated mice, with or without marrow cell infusion or total body irradiation (A). Pulmonary blood vessel
from saline/vehicle (B), saline/WBM (C), saline/TBI/WBM (D), MCT/vehicle (E), MCT/WBM (F), and MCT/TBI/WBM (G)

groups. Red bar = 20 um.

Pulmonary vascular remodeling, as measured by
PWVT/D, was greater in MCT/vehicle versus saline/vehi-
cle mice as well as MCT/WBM versus saline/WBM mice
(Fig. 3A). However, no differences in PWVT/D were seen
between MCT/TBI/WBM and saline/TBI/WBM mice.
Furthermore, PWVT/D was less in MCT/WBM and MCT/
TBI/WBM mice than in MCT/vehicle mice, suggesting that
WBM infusion with or without TBI attenuated MCT-induced
changes in pulmonary vascular remodeling.

Marrow cell engraftment of the lung: correlates with
effects on pulmonary hypertension

Infusion of WBM alone did not result in any detectable
bone marrow chimerism in saline or MCT-treated mice.
However, both saline and MCT-treated mice infused with
WBM after TBI showed fully chimeric bone marrow. In mice
treated with WBM infusion after TBI, there were signifi-
cantly more GFP+ cells seen in the lungs of MCT-injured
mice than in saline controls (P = 0.04, Table 1). Mice treated
with MCT and given WBM infusion after TBI had a 170%
increase in the number of GFP+ nucleated cells in the lung.
The majority of these GFP+ cells were hematopoietic cells, as
they also expressed the panleukocyte marker CD45 (GFP+/
CD45+4, 153% increase). The majority of these bone marrow-
derived hematopoietic cells appeared to be of myeloid line-
age (63.5% = 1.65%) as they were both CD11b+ and Gr-1+.
Fewer (194% + 1.55%) were of lymphoid lineage (CD3+ and
B220+). However, the percentage of myeloid and lymphoid
cells was not significantly different in the MCT/TBI/WBM
and saline/TBI/WBM groups (P = 042, 0.86, respectively).
A small percentage of the bone marrow-derived hematopoi-
etic cells clustered around pulmonary blood vessels were

also vimentin+ (GFP+/CD45+ and vimentin+, Fig. 4). It is
not clear if these cells represent donor marrow-derived mac-
rophages, monocytes, mast cells, or fibroblasts. However,
there was no significant difference in the number of these
cells in saline versus MCT-treated mice. More nonhe-
matopoietic bone marrow-derived cells (GFP+ and CD45-)
were seen in the lungs of MCT-injured mice infused with
WBM (MCT/WBM) after irradiation compared with saline
mice infused with WBM (saline/WBM) after irradiation
(192% increase, Table 1). No structural cells of the pulmo-
nary blood vessels in these groups appeared to be bone
marrow-derived, including endothelial cells (GFP+/CD45-/
von Willebrand+, Fig. 5) and smooth muscle cells (GFP+/
CD45-/actin a-smooth muscle).

Discussion

In the present study, we hypothesized that infusion of
WBM would ameliorate MCT-induced PH by replacing
injured pulmonary vascular cells with healthy bone marrow-
derived progenitor cells. We also hypothesized that mye-
loablative irradiation given prior to WBM infusion would
increase bone marrow chimerism and increase the number of
transplanted cells that remain viable, thereby enhancing the
ameliorative effects of WBM infusion on MCT-induced PH.

Our findings suggest that WBM infusion alone attenuates
to some degree MCT-induced pulmonary vascular remodel-
ing as demonstrated by a reduction in PVWT/D compared to
MCT mice treated with vehicle alone, but that this effect was
not enough to prevent MCT-induced increase in RVPP and
RV/BW. However, when given after TBI, WBM prevented
MCT-induced changes in RV pressure, RV mass, and pulmo-
nary vascular remodeling. Compared to saline alone, mice
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TaBLe 1. DoNorR MARROW CELLS IN THE LUNG
Expressed as a % DAPI+ cells
TBI WBM GFEP+ total GFP+/CD45+ GFP+/CD45—

Saline - - 0=0 0=x0 0+0

- + 0*+0 0*+0 00

+ + 23.35 = 4.05 2092 + 391 243 016
MCT - - 0*+0 0*+0 00

- + 0*+0 0*+0 0+0

+ + 39.65 * 2.617 (+170%)° 34.99 + 2.29% (+167%)° 4.66 *+ 0.422 (+192%)°

Values are mean + SD. n = 3 in each group.

aStatistically significant by Student’s t-test, MCT/TBI/WBM vs. saline/TBI/WBM, P = 0.05.

PPercent increase compared to saline/TBI/WBM group.

treated with 4 weeks of MCT had a doubling of right ven-
tricular peak pressure and pulmonary arterial medial wall
thickness and a nearly 50% increase in RV mass normalized
to body weight. WBM infusion, either alone or following TBI
in MCT-treated mice, resulted in lower PVWT/D than in
MCT-treated mice given vehicle alone. The effects of WBM
infusion with or without TBI on RV pressure and mass are
more difficult to evaluate due to the unexpected pulmonary
hypertensive effect of WBM and TBI/WBM in mice that did
not receive MCT. Mice that received WBM infusion after
4 weeks of saline developed significant increases in both
RVPP and RV/BW. Thus, administration of WBM following 4

weeks treatment with MCT should have resulted in a greater
degree of PH than in mice given MCT followed by saline
infusion. In fact, RVPP and RV/BW were slightly higher in
MCT/WBM mice thanin MCT controls, although the increase
was not statistically significant. However, in mice given TBI
and WBM after MCT treatment, there was no increase in
RVPP or RV/BW compared to MCT controls. In fact, there
was strong trend toward lower RVPP in the MCT/TBI/WBM
mice than in MCT/controls (P = 0.083). Furthermore, in mice
given vehicle alone for the last 4 weeks of the experiment,
RVPP and RV/BW were significantly higher in mice that had
received MCT as compared to those given saline during the

FIG.4. Marrow cell-derived vimentin+ cells. A pulmonary blood vessel from a MCT-injured mouse treated with marrow
cell infusion and total body irradiation. Area (red box) and cells (red arrows) of interest (A) from an H&E stained lung sec-
tion. Same area of interest (white box), fluorescent image (B and C, all filters), showing the same cells (white arrows), which
are GFP+ (green), CD45+ (blue), and vimentin+ (red). Texas Red (D), FITC (E), and DAPI (F) filters. Red bar = 20 um.
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first 4 weeks. However, in mice given TBI/WBM for the last 4
weeks, there was no difference in RVPP or RV/BW between
those treated with MCT and those given saline. Combined
with the significant reduction in PVWT/D in the MCT mice
treated with TBI/WBM compared to MCT mice treated with
vehicle, our findings suggest that WBM infusion combined
with TBI can ameliorate pulmonary hypertensive changes in
mice with MCT-induced PH.

Our findings are in agreement with those of other inves-
tigators who reported their results from similar, although
different experimental designs. Zhao et al. [20] first demon-
strated that infusion of ELPC could blunt the development
of MCT-induced PH in rats. They also found that when
given 4 weeks after MCT injection, ELPCs prevented the
progression of MCT-induced PH. This study differed from
ours primarily in the use of rats, an animal model known
to develop considerably greater PH in response to MCT
than mice. Zhao et al. also used mononuclear cells that
had been isolated from WBM and cultured for 7-10 days
to select out a population of enriched ELPCs as opposed
to the WBM infusion employed in our study. In a more
recent study by Raoul et al. [24], experiments were done
in mice and WBM cells were used. However, bone mar-
row donors were treated with 5-flourouracil, again in an
attempt to select for ELPCs by depleting mature cells and
allowing proliferation of progenitor cells. Also, Raoul et al.
administered cell infusion 3 days after a single IV dose of
MCT, and hence their results are limited to the ability of
bone marrow-derived cells to prevent the development of
PH as opposed to reversing the more established PH that
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FIG. 5. Marrow cell-derived lung cells are not pul-
monary vascular endothelial cells. Pulmonary blood
vessel from a MCT-injured mouse treated with mar-
row cell infusion and total body irradiation. Area
(red box) and cells (red arrows) of interest (A) from
an H&E stained lung section. Same area of interest
(white box), fluorescent image (B and C, all filters),
showing the same cells (white dashed arrows), which
are GFP+ (green), CD45+ (blue), and von Willebrand
factor— (red), representing donor marrow cell-derived
hematopoietic cells. Texas Red (D), FITC (E), and
DAPI (F) filters. The other cells (solid white arrows)
are only GFP+, representing a marrow-derived non-
hematopoietic cells. Red bar = 20 ym.

occurred after 4 weeks of MCT treatment in our study.
Finally, neither of the previous studies used TBI to enhance
bone marrow engraftment, a technique that increased chi-
merism and increased the antihypertensive effect of WBM
infusion.

It is unclear why WBM infusion combined with TBI
appeared to ameliorate the pulmonary hypertensive effects
of MCT in mice. The mechanism of this observation was
not directly studied in these experiments. Only TBI-treated
mice had bone marrow engraftment of transplanted cells
and a small number of donor marrow-derived lung cells.
None of these donor marrow-derived lung cells appeared
to be cells of the pulmonary vasculature, arguing against
direct cell replacement as a potential mechanism. It is possi-
ble that paracrine effects of donor marrow-derived hemato-
poietic cells, which were most abundant in the MCT/TBI/
WBM group, may be responsible for this beneficial outcome.
The anti-inflammatory and immunomodulatory proper-
ties of certain marrow cell populations, in particular MSC,
have been well described. Systemic infusion of MSC into
bleomycin-injured mice resulted in less pulmonary fibro-
sis and this was seen independent of significant donor cell
lung engraftment [6]. More recently, investigators have dem-
onstrated that intratracheal administration of MSC may
also attenuate certain lung injuries. After endotoxin injury,
mice given MSC had a lower mortality rate, less pulmonary
edema, and lower bronchoalveolar lavage fluid levels of the
pro-inflammatory cytokines TNF-a and MIP-1B with little
evidence of donor cell lung engraftment [25]. Although these
levels were not checked in this study, we speculate a similar
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mechanism may explain the ameliorative effects of TBI and
WBM in the setting of MCT injury.

Unlike earlier studies, we also examined the effect of
WBM infusion with or without TBI on pulmonary hemody-
namics and remodeling in saline controls. Previous studies
have found that circulating bone marrow-derived cells may
contribute to experimental models of PH in animals [26] and
to pulmonary vascular remodeling in patients with COPD
[27]. However, the effect of bone marrow infusion on pul-
monary hemodynamics and vascular remodeling in healthy
animals has not been well studied. In the present study, we
found that WBM infusion caused a significant increase in RV
pressure and mass and pulmonary vascular remodeling, an
effect that was enhanced by TBI. The mechanism(s) respon-
sible for these effects was not readily apparent from histo-
logical analysis of lung sections. It is possible that the large
number of cells infused (1 X 10”) caused microembolization
of the distal pulmonary vascular bed. However, the num-
ber of cells we infused was slightly less than the maximum
number of cells used to blunt MCT-induced pulmonary by
Raoul et al. [24] and we saw little evidence of GFP+ cells in
the lungs of WBM-infused mice. Furthermore, the pulmo-
nary hypertensive effect of WBM appeared to be enhanced
by TBI, suggesting that it was caused by increased marrow
engraftment of transfused WBM cells as opposed to physical
obstruction of the pulmonary circulation. Although future
studies will be needed to further elucidate the etiology of
PH caused by WBM infusion, our findings have important
ramifications for patients undergoing potential stem cell
infusion therapies.

The observations that marrow infusion, per se, with or
without whole body irradiation may induce aspects of PH
in the mouse are of significant interest. In the field of clin-
ical marrow transplantation, lung disorders are ubiquitous
and difficult to diagnose definitively, with possible causative
factors being infections (viral, bacterial, and fungal), chemo-
radiotherapy toxicity, and immunologic reactivity. Toxicity
related simply to the infused marrow cells adds a new ele-
ment to considerations of lung problems in the transplant
setting. In our experiments, immunologic reactions based
on HY male:female differences in C57BL/6 mice may have
contributed to this toxicity. The potential interaction of TBI
and marrow cell infusion (with engraftment) further com-
plicates the picture. The observation that these changes can
occur without engraftment indicates an upfront abscopal
effect on pulmonary hemodynamics, presumably through
various paracrine effects on the pulmonary vasculature. The
effect of irradiation separates from marrow engraftment
cannot be ruled out in these studies, but appears unlikely.
Similarly, work by Zhao et al. [20], as well as studies of the
effects of marrow cells infusions on ischemic myocardium
in both animals and patients, has also shown functional
effects which did not seem to be explained by marrow cells
converting to differentiated organ-specific cells [23,28-30].

We have recently described the delivery of lung-specific
mRNA in microvesicles from radiation-injured lung to mar-
row cells with a functional change in the phenotype of the
marrow cells [31]. In addition, Deregibus et al. [32] have
shown that microvesicles from endothelial progenitor cells
could stimulate both in vitro and in vivo vasculogenesis. It
is possible that cross communication between marrow and
pulmonary vascular cells via microvesicular genetic infor-
mation transfer may have attenuated some of the changes

ALIOTTAET AL.

seen with MCT injury. This could occur without the vascu-
lar cells showing specific donor marrow cell markers such
as GFP. Regardless, it appears that marrow cell infusions
can significantly ameliorate features of MCT-induced PH in
mice, suggesting that marrow infusion strategies could be
developed for the treatment of PH in humans.
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